T
he treatment of serious methicillin-resistant Staphylococcus aureus (MRSA) infections is often limited to antibiotics within the glycopeptide or lipopeptide class. Vancomycin has been the mainstay of this treatment for several decades, but clinical MRSA strains have developed a number of reduced-susceptibility phenotypes that continue to challenge clinical treatment. This phenomenon of glycopeptide "MIC creep" may vary considerably based on methods used to analyze organism susceptibility (24) . However, a number of studies have associated an increased risk of vancomycin treatment failure with vancomycin Etest MICs of 1.5 to 2 mg/liter (15, 17) . Antistaphylococcal ␤-lactam treatment failure in patients with methicillin-susceptible S. aureus (MSSA) bacteremia was also more likely in strains with vancomycin MICs of Ͼ1.5 mg/liter, suggesting that additional organism or host factors, not solely vancomycin treatment, may drive this response (8) .
Vancomycin tolerance, commonly defined as having a minimum bactericidal concentration (MBC)/MIC ratio of Ն32, is known to occur in staphylococci. However, the clinical and microbiological features of these strains remain relatively uncharacterized. The prevalence of vancomycin-tolerant isolates in wildtype MRSA strains can vary widely, with most studies reporting tolerance in fewer than 20% of strains (24) . Notably, vancomycin tolerance is more often present in strains with reduced vancomycin susceptibility, such as vancomycin-intermediate S. aureus (VISA) and heterogeneous VISA (hVISA) (12) . hVISA and VISA have been associated with persistent bloodstream infections, but have not necessarily been implicated in increased mortality (10) . This effect in tolerant strains may be due to a combination of reduced antibiotic killing and immune evasion characteristics of S. aureus resulting in altered host recognition and pathogen clearance (11) .
S. aureus possesses a number of genetic regulators that are differentially expressed in strains with reduced susceptibility to glyco-and lipopeptides. Isolates that contain a dysfunctional accessory gene regulator (agr) group II element, which controls ␦-hemolysin, have reduced in vitro vancomycin and teicoplanin killing and correspond to treatment failure in patients with severe MRSA infections (21, 22, 27) . Alterations in S. aureus membrane surface charge, phosphatidylglycerol turnover, and cell wall architecture are known to affect the activity of daptomycin (13) . Increased expression of genes that control these functions, most notably mprF and/or dltABCD, has been identified in most S. aureus strains with daptomycin nonsusceptibility (6, 31, 32) . Additionally, mutations in the two-component regulatory system VraSR, which controls cell wall peptidoglycan production, contribute to reduced vancomycin and daptomycin activity. None of these gene changes is essential for in vivo reduced susceptibility to occur (6, 11, 31) , which highlights the complexities of S. aureus regulation during exposure to glyco-and lipopeptides.
The phenotypic and genotypic differences between susceptible (yet vancomycin-tolerant) MRSA compared to nontolerant MRSA strains have not been evaluated. This study compared the microbiologic characteristics between these two strain types and demonstrates novel differences in antimicrobial activity and gene regulation upon exposure to vancomycin, daptomycin, and telavancin. For purposes of this study, we term nontolerant strains as "VS-MRSA" (vancomycin-susceptible MRSA) and tolerant strains as "VT-MRSA" (vancomycin-tolerant MRSA). (2) .
MATERIALS AND METHODS

Bacterial
agr group and function. The S. aureus agr group was determined for all isolates using a previously described multiplex PCR method with control isolates for agr groups I, II, III, and IV (16) . The function of the agr locus was determined with a semiquantitative ␦-hemolysin assay and categorized as functional (present) or dysfunctional (absent) (27) . The presence of ␦-hemolysin was determined on a tryptic soy agar plate with 5% sheep blood by streaking the S. aureus test isolate adjacent to a ␤-hemolysin disk (Remel, Lenexa, KS). Following overnight incubation at 37°C, synergistic hemolysis within the ␤-hemolysin zone indicated the presence of ␦-hemolysin and a functional agr locus, while lack of hemolysis indicated a dysfunctional strain. S. aureus isolates RN6607 and RN9120 were used as positive and negative controls, respectively, for each assay (27) .
In vitro time-kill curve. Time-kill analysis was performed as described previously using an initial inoculum of 10 6 CFU/ml in the presence of vancomycin, daptomycin, and telavancin at 4-fold the organism MIC. Maximum bacterial kill and percentage of bactericidal activity (99.9% kill) were compared between the five strains described for each group above. Two independent experiments were performed for each antibiotic exposure.
Analysis of vraSR, dltA, and mprF gene expression by real-time RT-PCR. The same cohort of vancomycin-tolerant and vancomycin-nontolerant strains used in the time-kill analysis was used in the gene expression studies. Isolates were exposed to the respective antibiotics at one-half the MIC for vancomycin, daptomycin, or telavancin in duplicate experiments. This antibiotic concentration eliminated the confounding effect of bacterial kill on gene expression. Analysis of gene expression was conducted after two separate exposure duration experiments of 24 h and 72 h. At the end of each antibiotic exposure, a 1:1,000 dilution of the sample was inoculated in fresh medium with the same antibiotic concentration. The new cultures were monitored for turbidity using a DEN-1 densitometer and were harvested for RNA isolation once they reached a McFarland turbidity standard of 0.25 in order to obtain cultures during the exponential phase of growth.
RNA extraction for reverse transcription-PCR (RT-PCR) began with pelleting samples by centrifugation (10,000 ϫ g for 5 min) followed by resuspension in 1 ml TRIzol (Invitrogen, Carlsbad, CA). Cell walls were mechanically disrupted via bead beating in order to access total RNA. Sample vials were then allowed to warm to room temperature for 15 min and were centrifuged at 10,000 ϫ g for 2 min. The supernatants were collected, and total RNA was isolated according to the manufacturer's instructions. RNA was resuspended in diethyl pyrocarbonate (DEPC)-water and stored at Ϫ80°C. The concentration and purity for each sample were determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). cDNA was synthesized using the Omniscript RT kit (Qiagen, Valencia, CA).
The quantitative PCR (qPCR) primer sequences, specific to the vraSR, dltA, and mprF genes, were constructed using PrimerQuest software and obtained from Integrated DNA Technologies (Coralville, IA) as follows (5=¡3=): vraSR, (forward, TGCTTACAGAACGAGAAATGGAAA, and reverse, CGTTTTAATAGTAATATGCGATGCA; dltA, forward, CCGTT TCCCAAGTGCGACGATTTA, and reverse, ATCTTGCGCCTAGTCTT TAAACGC; and mprF, forward, GTGCCGGTGTAAGAGCAATGGTTT, and reverse, AGCATAAAGTACCCATCTCACCCACG. 16S primers were used for the endogenous control (forward, GGCAACCGTTATCCGGA ATT; reverse, GTTTCCAATGACCCTCCACG). Reaction mixtures comprised 12.5 l Go Taq qPCR Master mix (Promega, Madison, WI), 1 l each of forward and reverse primers (10 M), 2 l cDNA sample, and 8.5 l sterile double-distilled water (ddH 2 O) for a total of 25 l. qPCRs were carried out on an ABI 7500 series thermocycler using standard ABI cycling conditions with a melt curve added. The reporter dye filter was set to SYBR, and the reference dye filter was set to ROX. Relative gene expression to the control (growth without antibiotic exposure for each isolate) was determined using the threshold cycle (⌬⌬C T ) method. 
Statistics. All analyses compared characteristics of interest in VT-
RESULTS
One hundred fifteen isolates from individual patients with confirmed MRSA bacteremia were collected from 2005 to 2010 and analyzed in this study. Bacteremia sources in these patients were diverse and included skin or wound (27%), intravenous catheter (26%), endovascular or endocarditis (20%), bone or joint (11%), or pneumonia (8%).
Antibiotic susceptibility. All isolates were susceptible to vancomycin, daptomycin, and telavancin. Seven isolates (6%) were vancomycin tolerant that were obtained from skin/wound (n ϭ 5) or pneumonia (n ϭ 2) infection sources. An additional 21 isolates had an MBC/MIC ratio of Ն16 when the MBC was in the resistant range (Ն16 mg/liter). The antibiotic MIC 50 and range for these isolates classified by vancomycin MBC/MIC ratio are shown in Table 1 . No differences were detected in vancomycin, daptomycin, or telavancin MIC 50 values in VT-MRSA compared to VS-MRSA strains.
Analysis of agr group and function. Most MRSA isolates in this study (74%) contained the agr II genotype, most commonly from an endovascular or catheter source. The remaining isolates were classified into agr I (25%) and agr III (1%) groups. Thirtythree percent of all isolates possessed a dysfunctional agr locus identified by lack of ␦-hemolysin production on sheep blood agar. Isolates with high vancomycin MBC/MIC ratios were more likely to possess the agr group II genotype. As displayed in Fig. 1 , 86% of isolates with vancomycin MBC/MIC ratios of Ն8 contained agr II type compared to 67% of isolates with a vancomycin MBC/MIC ratio of Ͻ8 (P ϭ 0.028). The percentage of isolates with a dysfunc-tional agr locus was slightly lower in strains with ratios of Ն8, but this was not a statistically significant finding.
In vitro time-kill analysis. Vancomycin, daptomycin, and telavancin activities at concentrations of 4-fold the MIC in VT-MRSA and VS-MRSA strains are shown in Table 2 . Overall, there was a trend for reduced vancomycin activity in VT-MRSA compared to susceptible strains. A lower maximum bacterial kill (P ϭ 0.090) and lower percentage of bactericidal activity (P ϭ 0.520) occurred in strains classified as VT-MRSA. Daptomycin achieved the greatest level of bacterial kill and was bactericidal in all strains. The presence of vancomycin tolerance in the strains tested did not impact daptomycin or telavancin activity.
Differential gene expression in VT-MRSA with glyco-and lipopeptide exposure. S. aureus genes vraSR, dltA, and mprF, which are known to affect glyco-and lipopeptide susceptibility, were evaluated pre-and post-in vitro antibiotic treatment. Five VT-MRSA strains and five VS-MRSA strains from our study cohort were exposed to vancomycin, daptomycin, and telavancin, each individually at one-half the MIC. Gene expression changes were first compared after 24 h, and no significant differences between VS-MRSA and VT-MRSA strains were observed (data not shown).
In contrast, at 72 h of antibiotic exposure, gene expression was significantly greater in VT-MRSA compared to VS-MRSA strains. We identified distinct changes in gene expression that correlate to specific glyco-or lipopeptide treatment, as shown in Fig. 2A to C. In VT-MRSA exposed to vancomycin, the highest increase in gene expression occurred in vraSR (P ϭ 0.002 versus VS-MRSA strains), while smaller but still significant increases were observed for mprF. Of note, dltA gene expression after vancomycin exposure was lower in VT-MRSA (P ϭ 0.023). Following daptomycin exposure, VT-MRSA had the greatest increase in mprF expression (P Ͻ 0.001 versus VS-MRSA strains), followed by lower but still highly significant increases in expression of vraSR and dltA (P Ͻ 0.001). With exposure to telavancin, VT-MRSA had an upregulated gene expression profile parallel to daptomycin; however, the overall fold changes in vraSR and mprF gene expression were not as elevated.
We also compared the effects of the duration of antibiotic exposure in VT-MRSA at 24 h versus 72 h of in vitro treatment. Longer durations of exposure to vancomycin, daptomycin, and telavancin resulted in substantial increases in gene expression in VT-MRSA isolates that were not observed among the VS-MRSA isolates. As displayed in Fig. 3A to C, less than a 4-fold mean change in vraSR, dltA, or mprF expression occurred after 24 h in VT-MRSA. Continued exposures of vancomycin, daptomycin, and telavancin up to 72 h, however, resulted in significantly greater increases in gene expression in most genes. Overall, vraSR and mprF displayed the greatest upregulation in expression from 24 to 72 h with all three antibiotic exposures.
DISCUSSION
While a number of studies have associated the vancomycin MIC with clinical outcome, the clinical and microbiologic characteristics of reduced vancomycin minimum bactericidal concentration in MRSA strains remain relatively undefined. Clinical studies have reported conflicting results in associating poor vancomycin treatment response with VT-MRSA (9, 29, 33) , but the overall low percentage of tolerant isolates in these studies may affect these discrepancies. In our study of MRSA bloodstream isolates collected over a 5-year period, only 6% of strains were VT-MRSA. This low prevalence prevented an assessment of VT-MRSA as independent risk factors in vancomycin treatment outcomes. Further evaluation of the microbiological and genetic characteristics of VT-MRSA will help to more clearly associate their clinical impact.
S. aureus contain a number of quorum-sensing regulators that contribute to its pathogenicity and antibiotic resistance. Among these, agr has been identified as a significant factor in the development of reduced vancomycin susceptibility and associated treatment failure (21, 26, 27) . Schweizer et al. reported the first independent association between agr dysfunction and mortality among severely ill patients with S. aureus bacteremia (28) . Pharmacodynamic models have shown reduced glycopeptide activity in agr dysfunctional isolates, particularly those within the agr group II genotype (30) . Isolates with agr dysfunction also have a higher proclivity for resistance to innate host defense cationic peptides, such as thrombin-induced platelet microbicidal proteins (tPMPs) (25) . In our study, isolates that were more tolerant to the effects of vancomycin (MBC/MIC ratio, Ն8) were not associated with agr dysfunction. Interestingly, these isolates were more likely to possess the agr group II genotype than strains with low vancomycin bactericidal concentrations. This finding is supported by a recent clinical analysis correlating persistent infections to isolates with agr group II genotype and resistance to tPMPs (20) . In conjunction with prior studies, our present results support the link between reduced vancomycin killing and agr group II S. aureus, which may contribute to reduced vancomycin activity in vivo and associated persistent infections.
Increased expression and mutations of select regulatory genes involved in cell wall synthesis and turnover have been previously found in strains with reduced susceptibility to vancomycin and daptomycin (4) . In VISA strains, these genetic changes are linked to increased peptidoglycan and cell wall teichoic acid synthesis and thickening of the cell wall (3) . Using a pharmacodynamic model, we have previously shown that vancomycin doses of at least 1,500 mg every 12 h are needed in order to prevent significant cell wall thickening in hVISA (23) . Recently, Cafiso et al. reported that vancomycin exposure in hVISA reduces autolysis, downregulates the autolysin genes atl and lytM, and upregulates dltA. These changes were distinctive for hVISA and did not occur in the comparator vancomycin-susceptible S. aureus strain (1), but the relatively short duration of exposure may have been unable to select for these changes.
We hypothesized that differences in gene regulation may emerge between two types of vancomycin-susceptible MRSA, VT versus nontolerant strains, with prolonged durations of subinhibitory vancomycin exposures. Indeed, we found significantly greater upregulation in vraSR and mprF genes in VT-MRSA that were differentially expressed only with a longer duration of vancomycin exposure. Upregulations of these genes in VISA strains have been linked to increased expression of dltA (1); however, this did not occur in our study with VT-MRSA strains that were susceptible to vancomycin. We did not detect the emergence of the VISA phenotype with these genetic changes, but this finding suggests that VT-MRSA, while still susceptible, alters cell envelope gene regulation to adapt to the antimicrobial effects of vancomycin.
Daptomycin nonsusceptibility is thought to emerge via the accumulation of multiple genetic mutations, but upregulation of or a gain-of-function mprF mutation is a common finding in many in vitro and clinically derived daptomycin-nonsusceptible strains. Recently, Mehtra et al. reported that point mutations in mprF contribute to reduced daptomycin susceptibility but do not cor-relate with changes in expression levels of mprF (19) . Meanwhile, upregulation of the vraSR two-component regulator may contribute to a second resistance mechanism involved in alterations of cell wall synthesis (19) . All strains in our study were daptomycin susceptible, and therefore we did not test for mutations in mprF. Daptomycin was the most bactericidal agent evaluated, and the killing effects were similar between VT-MRSA and nontolerant strains. However, all three genes of interest were comparatively upregulated in VT-MRSA after daptomycin exposure. It should be noted that antibiotic concentrations were different in the killcurve (4-fold MIC) versus gene expression studies (0.5-fold MIC), which limits comparison between these results. We would anticipate future studies that directly compare these relationships.
Previous S. aureus transcriptional profiling reported that multiple cell wall stress stimulon member genes are expressed upon exposure to daptomycin, correlating with daptomycin's antimicrobial actions on peptidoglycan biosynthesis as well as membrane depolarization (5) . Notably, in our study, mprF, and to a lesser extent vraSR, displayed increases in gene expression with daptomycin exposure in VT-MRSA compared to VS-MRSA strains. It will be important to determine if upregulation of these genes in VT-MRSA results in reduced daptomycin susceptibility with exposures exceeding the duration used in our study.
Telavancin is structurally derived from vancomycin but exhibits a dual mechanism of action by inhibiting phosphatidylglycerol synthesis and disrupting cell membrane function (7). This lipoglycopeptide molecule has broad Gram-positive activity, including against isolates with reduced vancomycin and daptomycin susceptibility (14, 18) . Televancin resistance in S. aureus has not been described in the clinical setting, but in vitro pressure with subinhibitory telavancin concentrations has resulted in resistant mutants after prolonged exposure (14) . No mechanism for telavancin resistance has been investigated, but we surmise that mutations or upregulation in cell wall stress stimulon member genes would contribute to this development. Upregulation in mprF, vraSR, and to a lesser extent, dltA occurred in VT-MRSA after 3-day exposures to subinhibitory concentrations of telavancin, although telavancin susceptibility was unchanged. This gene regulation profile more similarly paralleled that of VT-MRSA after exposure to daptomycin as opposed to vancomycin.
In summary, the prevalence of VT-MRSA was low in our study of MRSA bloodstream isolates, and therefore any inferences from the study results require additional analyses of this trait in MRSA. Nonetheless, some important characteristics of strains with reduced vancomycin bactericidal concentrations were identified. Isolates with high MBC/MIC ratio values (Ն8 mg/liter) were associated with the agr group II genotype and reduced vancomycin bactericidal activity in a time-kill curve. A particularly novel finding of this work is that VT-MRSA strains were associated with increased expression of key cell envelope response genes after exposure to cell wall-and/or membrane-active anti-MRSA agents. Additionally, this finding was only significant with longer exposures of these antimicrobials. It will be important to determine if these differences begin to emerge between the endpoints not tested in this study (within 24 to 72 h). We recognize that other genetic response pathways exist that control the adaptation of S. aureus to these antimicrobials, but the effects observed in our study highlight a distinctive response in VT-MRSA that may have important therapeutic implications as reduced vancomycin susceptibilities continue to increase.
